Small for gestational age (SGA) is defined as intrauterine growth retardation or small sample, referring to the 10th percentile of birth weight lower or two standard deviations less than the average weight at the same gestational age. SGA infants bring great economic and psychological burdens to families and society. The association between exposure to air pollution and SGA in underdeveloped cities with poor air quality remains unclear. Thus, this study is conducted to estimate the effects of maternal exposure to air pollutants on SGA numbers. Birth information was collected from the Huangshi Maternity and Children's Health Hospital from January 1st to December 31st in 2017. Data of pregnancy exposure were accessed using stationary monitors. These data included particulate matter less than or equal to 10 μm in aerodynamic diameter (PM 10 ), particulate matter less than or equal to 2.5 μm in aerodynamic diameter (PM 2.5 ), nitrogen dioxide (NO 2 ), and sulfur dioxide (SO 2 ). Multivariate logistic regression models were performed to estimate the association between ambient air pollution and the risk of SGA during different exposure windows. It was found that a 1 μg/m 3 increase in air pollution concentrations during the entire pregnancy was associated with a higher risk of SGA, with an adjusted odds ratio (OR) and 95% confidence interval (CI) of 1.055 (1.035-1.076), 1.084 (1.053-1.116), 1.000 (0.953-1.049), and 1.051 (0.968-1.141) for PM 10 , PM 2.5 , NO 2 , and SO 2 , respectively. Thus, it is suggested that exposure to air pollution is associated with an increased risk of SGA. The effects of PM 10 and PM 2.5 were more stable than NO 2 and SO 2 .
Introduction
Small for gestational age (SGA) is defined as intrauterine growth retardation or small sample, and it refers to the 10th percentile of birth weight lower or two standard deviations less than the average weight at the same gestational age (Ding et al. 2013; Khambalia et al. 2017; Lefebvre and Samoilenko 2017) . Similarly, appropriate size for gestational age (AGA) is known as a birth weight within the 10th to 90th percentile of the reference value. SGA is associated with a higher risk of infant morbidity and mortality (Basso et al. 2006 ). In addition, it can lead to complications in later childhood, such as endocrine and metabolic disturbances (Clayton et al. 2007 ). However, the risk factors for SGA have not been fully identified, although there are some possible causes, such as teenage motherhood, previous preterm birth, and inadequate prenatal visits (Kildea et al. 2017) .
Previous studies have illustrated that exposure to high concentrations of air pollution during pregnancy may decrease uterine blood flow and ultimately slow fetal growth (Browne et al. 2015; Kannan et al. 2006) . Maternal exposure to air pollution during pregnancy may be one of the complex set of causes, which increases the risk of impaired fetal Responsible editor: Philippe Garrigues Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11356-019-06268-7) contains supplementary material, which is available to authorized users. development and adverse birth outcomes, such as preterm birth and low birth weight (Lamichhane et al. 2015; Li et al. 2017) . Whether there is potential association between air pollution and gestational age as a typical factor for fetal growth needs to be addressed.
China has been troubled with air pollution for many years, and the evidence remains inconsistent whether high levels of air pollutants affect the incidence of SGA. Although there are some analyses that have explored the association between air pollution and SGA, most of them have been conducted in developed countries or regions with relatively low air pollution (Michikawa et al. 2017; Rich et al. 2009b; Schlesinger et al. 2006; Wang et al. 2019) . To our knowledge, there are no existing studies that have investigated the relationship between air pollution and SGA in central China. Huangshi is an industrial city in central China, and its economic growth has been attributed to mining and metallurgy in recent years (Zhan et al. 2017) . Although the concentrations of air pollutants in Huangshi are lower than those in other industrial cities, such as Wuhan (Qian et al. 2016) , air pollution exposure in Huangshi is still relatively higher than the air quality guidelines (AQG) issued by the World Health Organization (WHO 2005) . For example, compared with the AQG guidelines, the 24-h mean concentrations of particulate matter less than or equal to 10 μm in aerodynamic diameter (PM 10 ) and particulate matter less than or equal to 2.5 μm in aerodynamic diameter (PM 2.5 ) exceeded the WHO standard for 327 days and 295 days, respectively, in 2017. There are many prefecture-level industrial cities in central China with low residential mobility, like Huangshi. However, due to subaverage economic and demographic factors, prefecture cities have often been ignored in previous studies. As pregnant women do not have access to advanced medical services during pregnancy as in developed areas, it has been suggested that there might be more severe birth outcomes when pregnant mothers are exposed to eternal environmental pollution.
We chose Huangshi as the study area to investigate whether there are associations between SGA and exposure to air pollution, including PM 10 , PM 2.5 , nitrogen dioxide (NO 2 ), and sulfur dioxide (SO 2 ). Logistic regression models were constructed in different quartiles to estimate the potential threshold effects. Previous studies have reported that different fetal sexes had different responses towards the environmental simulation in vivo and in vitro, suggesting that infant sex is related to the regulation of birth health (Al-Qaraghouli and Fang 2017; Catalano et al. 2014; Challis et al. 2013; Liu et al. 2018) . We also conducted analysis among male infants and female infants during different exposure windows to compare the variation between the different sexes.
Methods

Study area
Huangshi (114°31′-115°30′ East, 29°30′-30°15′ North) is a prefecture-level city in the Hubei province of central China. The city covers an area of 4583 km 2 with a population of 2,689,300 people in 2017. With a subtropical monsoon climate, the city's weather is mild and humid. However, as an industrial city, Huangshi has high level of air pollutants according to the WHO guideline values (WHO 2005) .
Study population
Information of mothers and their live births were collected from the Huangshi Maternity and Children's Health Hospital from January 1, 2017, to December 31, 2017. The annual number of births in this hospital accounted for more than 33% of the city's total delivery. The inclusion criteria included live singleton births after 24 completed weeks and within 42 weeks with complete covariates. In addition, infants whose birth weights were more than the 90th percentile of newborns needed to be excluded. Finally, 4194 singletons were identified ( Fig. 1) .
The covariates were collected from medical records documented by doctors and nurses after deliveries. The original data was recorded in medical report books and then transformed into electronic form. The collected variables included maternal age, parity, gestational age at birth, date of delivery, delivery mode, infant birth weight, infant sex, and maternal medical conditions during pregnancy including gestational hypertension and gestational diabetes mellitus. The date of conception was calculated using gestational weeks and the date of birth. The gestational age of infants in this study was defined using the adjusted last menstrual period and the delivery date. SGA was determined using a comparison of the weight ranges from the birth weight curve for China (Zhu et al. 2015) .
Exposure assessment
Air pollutant concentrations were obtained from the mirror website of the Environmental Protection Agency (https:// www.aqistudy.cn/historydata/). The 24-h daily concentrations of PM 10 , PM 2.5 , NO 2 , and SO 2 were collected. The timevarying average concentration approach was utilized to estimate individual exposure.
According to the different exposure windows, a pregnancy period was divided into the first trimester (1-12 weeks), the second trimester (13-27 weeks), and the third trimester (28 weeks to delivery) (Wu et al. 2009 ).
Statistical analysis
The correlations between each air pollutant were calculated using the Pearson correlation. The chi-squared test for categorical variables and the independent sample t test for continuous variables were conducted for the univariate factor analysis of maternal and infant characteristics. A single-pollutant model and the calculated risk of SGA were conducted separately for each pollutant and pregnancy period.
To further explore the associations between air pollution and SGA, second-stage analyses were performed. Multiple logistic regression models adjusted for covariates were conducted to estimate the specified trimester association between air pollutants and SGA during the entire pregnancy, the first trimester, the second trimester, and the third trimester. All concentrations of pollutants were regarded as continuous variables, and the associations were shown as ORs and 95% CIs per 1 μg/m 3 increase in PM 10 , PM 2.5 , NO 2 , and SO 2 .
Stratified analysis of the associations in subgroups for female and male infants was estimated during the different periods. To further explore the effect of air pollutants for their per interquartile range (IQR) increase and to observe the possible threshold effect, the association within subgroups of different quartiles compared with the reference group of the first quartile was assessed. Due to periodic variations in air pollutants, the effects of these seasonal variations on the association of air pollution and SGA were estimated.
Additionally, multi-pollutant models were conducted to explore the potential confounding effects of other pollutants on SGA during each pregnancy period. Due to the high correlation of PM 10 and PM 2.5 , they were not included in one regression.
Statistical tests were two-sided, and a P value < 0.05 was considered statistically significant. All analyses were conducted using R 3.4.4 software with "tidyverse," "rlist," and "ggplot2" packages.
Results
The demographic characteristics of the mother-infant pairs are shown in Table 1 . A total of 4194 deliveries that met the criteria were collected from the Huangshi Maternity and Children's Health Hospital in 2017. A total of 315 (7.5%) of these deliveries were SGA infants, and 3879 (92.5%) were AGA infants. The mean gestational age was 38.69 for SGA infants and 38.42 for AGA infants. A total of 84.2% of the mothers were less than 35 years old at the time of delivery, 2.1% were diagnosed with gestational hypertension, 3.7% were accompanied with gestational diabetes mellitus, and for 46.2% of them, this was their first delivery. Gestational age, maternal age, parity, and gestational diabetes mellitus were not statistically significantly associated with the risk of SGA. The SGA percentile was higher in infants whose mothers were diagnosed with gestational hypertension. In addition, a significantly higher proportion of SGA infants among female newborns were observed (P < 0.001).
The average maternal exposures to the four air pollutants during the entire pregnancy are shown in Fig. 2 . Women who delivered in summer had a higher exposure level to all the pollutants. The mean concentrations of PM 10 , PM 2.5 , NO 2 , and SO 2 were 86.8 μg/m 3 , 55.3 μg/ m 3 , 36.5 μg/m 3 , and 17.6 μg/m 3 , respectively. Compared with the AQG released by WHO (annual mean is 20 μg/m 3 for PM 10 , 10 μg/m 3 for PM 2.5 , and 40 μg/m 3 for NO 2 ; 24-h mean is 20 μg/m 3 for SO 2 ), the maternal exposure concentrations of PM 10 and PM 2.5 were far above those criteria. The correlations of each of two pollutants were calculated and are shown in Table S1 . PM 10 and PM 2.5 were significantly associated with SO 2 , and Pearson's correlation coefficients were 0.804 and 0.788, respectively. NO 2 was less strongly correlated with the solid pollutants, and Pearson's correlation coefficients for PM 10 and PM 2.5 were 0.660 and 0.644, respectively. The crude ORs and adjusted ORs (adjusted for maternal age, parity, gestational hypertension, gestational diabetes mellitus, delivery mode, and infant sex) with 95% CI for each air pollutant and pregnancy period are presented in Table 2 . The variation between crude ORs and adjusted ORs was subtle. Exposure to PM 10 and PM 2.5 was significantly associated with a risk of SGA during the entire pregnancy (aOR [95% CI], 1.055 [1.035-1.076] for PM 10 and 1.084 [1.053-1.116] for PM 2.5 ), and the adverse effects of PM 2.5 were stronger than those of PM 10 . The effects of NO 2 and SO 2 were statistically significant during the first and third trimesters. Table 3 , with the first quartile as a reference. In the case of PM 10 and PM 2.5 , the risk of SGA through the entire pregnancy increased; however, there were no observable remarkable variations among the different quartiles. The effects of PM 10 and PM 2.5 were obviously strengthened for per IQR rise in pollutants during all the different trimesters. NO 2 showed a positive gradient increase in the risk of SGA, with quartiles of exposure in the third trimester ranging from 1.587 to 2.375. Referring to the first quartile, the effects of SO 2 increased with the successive quartiles 2, 3, and 4 during the first and third trimesters. In the stratified analyses by sex, the effects of air pollution exposure were stronger on male infants (Fig. 3 ). Exposure to PM 10 and PM 2.5 was statistically significant during each pregnancy period as pooled infants. The ORs with 95% CIs of PM 10 were 1.067 (95% CI 1.033-1.103) for males and 1.049 (95% CI 1.024-1.076) for females during the entire pregnancy. The ORs with 95% CIs of PM 2.5 were 1.100 (95% CI 1.049-1.154) for males and 1.077 (95% CI 1.038-1.117) for females during the entire pregnancy. The effects of NO 2 and SO 2 for the two sexes were still statistically significant during the first and third trimesters. The variation between male and female infants during the third trimester was small, and the ORs with 95% CIs of male and female infants were 1.019 (95% CI 1.009-1.029) and 1.018 (95% CI 1.010-1.026) for PM 10 , 1.020 (95% CI 1.007-1.034) and 1.022 (95% CI 1.012-1.033) for PM 2.5 , 1.043 (95% CI 1.013-1.074) and 1.034 (95% CI 1.011-1.057) for NO 2 , and 1.116 (95% CI 1.061-1.174) and 1.119 (95% CI 1.009-1.029) for SO 2 .
Two pollutant models were developed to examine the potential confounding effects of other pollutants in our model (Fig. 4) . Compared with a single-pollutant model for PM 10 and PM 2.5 (1.055 1.035-1.076 for PM 10 and 1.084 1.053-1.116 for PM 2.5 ), the effects of particulate matter were strengthened when adjusted for NO 2 and SO 2 . The ORs with 95% CIs of PM 10 were 1.119 (95% CI 1.084-1.155) adjusted for NO 2 and 1.153 (95% CI 1.110-1.197) adjusted for SO 2 during the entire pregnancy. Similar to PM 10 , the ORs with 95% CI of PM 2.5 were 1.171 (95% CI 1.120-1.223) adjusted for NO 2 and 1.221 (95% CI 1.158-1.288) adjusted for SO 2 . However, the effects of NO 2 and SO 2 were not stable, as some of their effects were strengthened, while some were attenuated due to the collinearity between pollutants. The seasonal analysis showed statistically significant associations between air pollution and SGA in summer and winter (Table S3 ). 
Discussion
This was a cross-sectional study conducted in Huangshi in the eastern Hubei province. Delivery data was collected from the Huangshi Maternity and Children's Health Hospital for the entire year of 2017. In this study, the incidence of SGA was 6.7%, which was lower than the percentile used to define this category (Wang et al. 2019) . In this research, exposure to PM 10 and PM 2.5 was adversely associated with the risk of SGA during all pregnancy periods. The effects of NO 2 and SO 2 exposure were less remarkable, but still significant during the first and third trimesters. This is the first population-based cross-sectional study that has investigated the association between SGA and air pollution in central China. The population selected in this study accounted for more than one-third of the infants delivered in Huangshi in the entire year. Therefore, the population was comparatively representative. Compared with other big cities, Huangshi is a prefecture-level city with a lower residential moving rate, indicating that all of the participants had consistent maternal exposure to pollutants. With the exception of the first trimester, an increased risk of SGA associated with higher levels of PM 10 and PM 2.5 exposure was observed during the other two trimesters. Despite that many previous studies have examined the effects of PM 10 on SGA, the results have remained inconclusive. While studies have provided multiple evidences for an increased risk of SGA with exposure to PM 10 in specific trimesters (Ha et al. 2017; Hansen et al. 2007; Le et al. 2012; Mannes et al. 2005) , some studies have found a null association between SGA and PM 10 (Brauer et al. 2008; Capobussi et al. 2016; Kimberly et al. 2014; Madsen et al. 2010; Wang et al. 2019) . Unlike PM 10 , many previous studies have indicated the adverse effects of PM 2.5 on SGA, as found in this study (Mannes et al. 2005; Percy et al. 2019; Ritz et al. 2007; Stieb et al. 2016) , but these studies did not reach a consensus on trimester-specific effects. Identified exposure windows for PM 2.5 exposure and SGA have been reported in the first trimester (Rich et al. 2009b) , the second trimester (Mannes et al. 2005; Wang et al. 2019) , the third trimester (Percy et al. 2019; Rich et al. 2009b) , and the entire pregnancy period (Stieb et al. 2016) .
In addition to the significant relationships during the first trimester, a positive association was found between NO 2 , SO 2 , and SGA during the third trimester. Some studies have found a positive association between NO 2 exposure and SGA in specific trimesters (Ballester et al. 2010; Stieb et al. 2016; Wang et al. 2019) ; however, some studies have also reported no evidence of adverse impacts from NO 2 on SGA (Mannes et al. 2005; Rich et al. 2009a; Ritz et al. 2007; Taylor et al. 2016) . Previous studies regarding the association between SO 2 and SGA have remained inconclusive, with several studies having reported no association, while others have found a weak association (Ha et al. 2017; Le et al. 2012; Rich et al. 2009a ). In summary, previous studies have not observed a stable and positive association between NO 2 , SO 2 , and SGA.
The discrepancies among this study and previous studies may be attributed to many factors. First, as mentioned, most studies regarding the association between air pollution and SGA have been conducted in developed areas, and the lifestyles of the study populations, such as nutrition, cooking methods, and medical care, which could vary from those of women in Huangshi. Second, many studies adopted more accurate methods based on residential address to estimate the individual exposure, while this study used the mean concentrations collected from monitory station, suggesting a variability of exposure assessment (Percy et al. 2019; Wang et al. 2019) . Third, spatial heterogeneity could result in distinct composition of air pollutants, which means that even Fig. 4 The estimated ORs for the risk of SGA with 95% CIs in single-pollutant models and multi-pollutant models adjusted for maternal age, parity, gestational hypertension, gestational diabetes mellitus, delivery mode, and infant sex. EP: entire pregnancy, T1: the first trimester, T2: the second trimester, T3: the third trimester pollutants with the same concentrations could result in very different exposures (Bell et al. 2010) .
In this study, it was found that exposure to ambient air pollution decreased the risk of SGA during the first trimester, which seems not biologically plausible and inconsistent with previous studies. Most studies have found adverse effects from ambient air pollutants. One potential explanation for this discrepancy is that embryos that were easily injured were aborted or resulted in stillbirths in the early maternal stage of air pollutant exposure. However, in this study, only singleton live births were considered; thus, the population that was selected in this study was partially biased (Percy et al. 2019) .
During the third trimester, the risk of SGA grew greater than during other periods as the concentration of air pollutants increased. The third trimester is a very important period for fetal growth because the most rapid fetal development occurs in this period (Grantz et al. 2018) . Hence, the fetus may be more vulnerable than during other periods. The biological mechanism of the adverse impacts from air pollution on newborns remains unclear. It is assumed that air pollutants could alter fetal growth by causing oxidative stress or inflammation, reducing placental exchange of nutrients and gases, negatively affecting placental growth, fostering endocrine disruption, or causing negative maternal health effects (Kannan et al. 2006 ). Another hypothesis is that air pollution can affect the mitochondria. For instance, exposure to NO 2 causes damage to mitochondrial DNA, which is related to infant birth weight (Clemente et al. 2016) . Prenatal PM 10 exposure has been associated with placental mitochondrial alterations, which may both reflect and intensify oxidative stress production (Janssen et al. 2012) .
In this time-stratified analysis, it was found that exposure to air pollution in summer and winter was associated with SGA morbidity. The increased risk of SGA in summer may be the result of high-temperature exposure. Heat stress could cause damage to the antioxidant defense system and result in a larger secretion amount of oxytocin (Forgati et al. 2017) , which could have a negative impact on maternal health and fetal growth. The association in winter could be explained by a deficiency in vitamin D. Vitamin D has been found to be negatively correlated to SGA risk , and the level of vitamin D in winter in China is much lower than that in summer (Yang and Zhang 2013) .
In the subgroup analysis, it was found that the effects of environmental exposure to air pollution could be modified by infant sex, which has been mentioned in many previous studies (Lee et al. 2014; Liu et al. 2018; Taylor et al. 2016; Wainstock et al. 2014) . Lee et al. (2014) suggested that prenatal exposure to bisphenol A played a different role in birth weights between male infants and female infants in a multicenter birth cohort study from Korea (Lee et al. 2014) . A study in Shanghai, China, found that maternal exposure to household air pollution could contribute to adverse birth outcomes in boys but not in girls ). However, a population-based study in the UK showed that moderate prenatal cadmium exposure was associated with lower birth weights in girls but not in boys (Taylor et al. 2016) . In addition, one retrospective cohort study reported that exposure to prenatal maternal stress was a risk factor only in female fetuses (Wainstock et al. 2014) . These findings suggest that sexual differences may alter the effects of the external environment, and variations between sexes should be noticed. Some studies have attempted to provide biologically plausible explanations for these variations. Male fetuses were assumed to have greater potential susceptibility to a pro-inflammatory environment during pregnancy. In vitro studies have shown that when infected, cells from pregnancies with a male fetus were observed to have an increase in production of proinflammatory cytokines, including tumor necrosis factor and prostaglandin synthase, and had a smaller quantity of antiinflammatory cytokines and prostaglandin dehydrogenase compared with female infants (Al-Qaraghouli and Fang 2017; Challis et al. 2013; Liu et al. 2018) .
The quartile assessment showed that the risk of SGA under exposure to PM 10 and PM 2.5 was not distinct during the entire pregnancy. However, the trimester-specific analysis showed that the effects of PM 10 and PM 2.5 became stronger with increasing concentrations, suggesting that the risk for SGA could increase without a threshold effect of pollutants as the concentration of PM 10 and PM 2.5 increased. The associations between NO 2 , SO 2 , and SGA were not as stable as particulate matter, but an OR increase in SGA still was observed per IQR increase during the third trimester. Previous studies have not reached a consistent conclusion on how air pollutants with different quartiles affect SGA, as they have reported no significantly positive associations or even a decreased risk of SGA for higher levels of PM 10 and NO 2 (Eh et al. 2012; Hansen et al. 2007; Wu et al. 2018 ). In summary, whether higher concentrations of air pollutants will lead to increased risk of SGA requires further research.
Several limitations should be considered when interpreting this research. The accurate address of each pregnant woman was not acquired. Therefore, the mean concentration of each air quality monitoring station in Huangshi was used to replace individual exposure. The lack of an accurate maternal exposure model may lead to some misclassifications due to the fact that air pollutant concentration levels are not homogenous across different locations. In this cross-sectional study, only pregnancy data for the year of 2017 was collected, which is a research period restriction. In further studies, a larger cohort that covers several continuous years needs to be collected to observe the effect of air pollution on SGA based on a retrospective study. Due to the hospital location in central Huangshi, the population recruited was primarily from the urban city; thus, the condition of rural areas could not be presented in this research.
In this study, although SGA was found to have a 2% to 10% increased risk when exposed to air pollution during the third trimester, considering the high concentration of air pollutants in Huangshi, exposure to ambient air pollution is still a severe risk factor for fetal growth restriction. Therefore, these findings are significant enough to encourage the government to take actions to reduce air pollutant emissions to improve the health condition of pregnant women and their infants. It is worthwhile to continue air quality improvements for the prevention of SGA infants and to reduce the costs associated with SGA infants later in life.
Conclusion
In this cross-sectional study, it was found that maternal exposure to air pollution was significantly associated with SGA. Overall, the adverse effects of PM 10 and PM 2.5 were stronger than gaseous pollutants, including NO 2 and SO 2 . In addition, the third trimester was found to be the most vulnerable period for fetuses when exposed to air pollution. These findings can provide a basis for air quality management policies and the promotion of neonatal health. More studies in other prefecture cities with high levels of air pollutants should be conducted, which conform to this study in the future. 
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